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1
OPTICAL TRANSMISSION DEVICE AND
WAVELENGTH DIVISION MULTIPLEXING
OPTICAL TRANSMISSION DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2016-
153887, filed on Aug. 4, 2016, the entire contents of which
are incorporated herein by reference.

FIELD

The embodiments discussed herein are related to an
optical transmission device that transmits a polarization
multiplexed optical signal and a wavelength division mul-
tiplexing optical transmission device.

BACKGROUND

In order to realize a transmission of large volumes of data
in an optical transmission system, wavelength division mul-
tiplexing (WDM) has been put to practical use. The WDM
can transmit data using a plurality of optical signals of
different wavelengths. In other words, the WDM can trans-
mit data using a plurality of wavelength channels.

As atechnology to increase a capacity of each wavelength
channel, polarization multiplexing has been put to practical
use. The polarization multiplexing transmits a signal using a
set of polarizations that are orthogonal to each other. In the
following descriptions, the set of polarizations that are
orthogonal to each other may be referred to as an X
polarization and a Y polarization. Further, optical signals
that are transmitted using the X polarization and the Y
polarization may be respectively referred to as an X-polar-
ization optical signal and a Y-polarization optical signal.

When a frame is transmitted in an optical transmission
system, a fixed pattern region may be added to the beginning
of'each frame. The fixed pattern region is set by a transmitter
in a frame header. A receiver can establish a frame synchro-
nization by detecting a fixed pattern region from a received
optical signal. Further, the receiver can estimate the char-
acteristics (such as a dispersion) of an optical transmission
link according to electric field information of the detected
fixed pattern region.

In a polarization multiplexing optical transmission sys-
tem, fixed pattern regions are inserted into an X-polarization
optical signal and a Y-polarization optical signal at the same
timing, as illustrated in FIG. 1. Here, a bit string of the fixed
pattern region inserted into the X-polarization optical signal
and a bit string of the fixed pattern region inserted into the
Y-polarization optical signal are the same as each other.
Thus, when the X-polarization optical signal and the Y-po-
larization optical signal are multiplexed, electric field infor-
mation of the fixed pattern region are combined and a single
polarization state is generated. In other words, a single
polarization state is generated during a period of time in
which a fixed pattern region is transmitted (such as 10 ns).
The receiver receives the fixed pattern region in a single
polarization state, so the receiver can easily detect the fixed
pattern region (that is, to establish a frame synchronization)
and estimate a dispersion even when an optical signal is
affected by noise in an optical transmission link.

As a related technology, a method for pre-equalizing a
cross-phase modulation (XPM) in an optical transmission
link is proposed (for example, Japanese Laid-open Patent
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Publication No. 2013-228676). Further, a method for reduc-
ing non-linear optical effects that occur between channels so
as to suppress a degradation in signal quality at a reception
end in an optical transmission system that transmits a
plurality of channels is proposed (for example, International
Publication Pamphlet No. W02015/170558). Further, in the
following document, a nonlinear polarization variation due
to a cross-phase modulation in a WDM transmission system
is discussed. Brandon C. Collings and Luc Boivin, Nonlin-
ear Polarization Evolution Induced by Cross-Phase Modu-
lation and Its Impact on Transmission Systems, IEEE PHO-
TONICS TECHNOLOGY LETTERS, VOL. 12, NO. 11,
November 2000

As described above, a frame synchronization, a dispersion
estimation, and the like are realized by adding a fixed pattern
region to each frame. However, in a WDM transmission
system, a polarization state of a certain wavelength channel
affects a polarization state of another wavelength channel
due to a cross-phase modulation (XPM). Specifically, when
a certain wavelength channel transmits a polarization mul-
tiplexed optical signal, a fixed pattern region in a signal
polarization state may cause a polarization variation in
another wavelength channel. In the example illustrated in
FIG. 1, a polarization state of a wavelength channel A3 is
disturbed when a fixed pattern region is transmitted in a
wavelength channel A1 during a period of time T1-T2.

During a period of time in which a fixed pattern region is
transmitted in an adjacent channel (the wavelength channel
Al in FIG. 1), a bit error may occur frequently in a disturbed
channel (the wavelength channel A3 in FIG. 1). In other
words, a burst error may occur. If the bit error rate goes
beyond the FEC capabilities, the receiver will not recover
data correctly.

SUMMARY

According to an aspect of the embodiments, an optical
transmission device is used in a wavelength division mul-
tiplexing optical transmission system. The optical transmis-
sion device includes: a signal processing circuit configured
to generate a first drive signal to which a first fixed pattern
is added, a second drive signal to which a second fixed
pattern is added, a third drive signal to which a third fixed
pattern is added, and a fourth drive signal to which a fourth
fixed pattern is added; a first optical modulator configured to
generate a first optical signal based on the first drive signal,
generate a second optical signal based on the second drive
signal, and combine the first optical signal and the second
optical signal so as to generate a first polarization multi-
plexed optical signal of a first wavelength; a second optical
modulator configured to generate a third optical signal based
on the third drive signal, generate a fourth optical signal
based on the fourth drive signal, and combine the third
optical signal and the fourth optical signal so as to generate
a second polarization multiplexed optical signal of a second
wavelength; and a combiner configured to combine the first
polarization multiplexed optical signal and the second polar-
ization multiplexed optical signal. The first fixed pattern and
the second fixed pattern are determined such that a phase of
the first optical signal generated based on the first fixed
pattern matches or approximately matches a phase of the
second optical signal generated based on the second fixed
pattern. The third fixed pattern and the fourth fixed pattern
are determined such that a phase of the third optical signal
generated based on the third fixed pattern is inverted or
approximately inverted with respect to a phase of the fourth
optical signal generated based on the fourth fixed pattern.
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The signal processing circuit generates the first drive signal,
the second drive signal, the third drive signal, and the fourth
drive signal such that the first fixed pattern, the second fixed
pattern, the third fixed pattern, and the fourth fixed pattern
are transmitted at the same or approximately the same time
by the first polarization multiplexed optical signal and the
second polarization multiplexed optical signal.

The object and advantages of the invention will be
realized and attained by means of the elements and combi-
nations particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the inven-
tion.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram that explains an XPM between
wavelength channels;

FIG. 2 illustrates an example of a polarization variation
due to XPM;

FIGS. 3A and 3B illustrate polarization variations using
the Poincare sphere;

FIG. 4 illustrates an example of an XPM cancellation
according to embodiments of the present invention;

FIG. 5 illustrates examples of fixed patterns used in a
wavelength channel pair;

FIGS. 6A-6C illustrate examples of a relationship
between a fixed pattern transmitted by an optical signal and
a polarization state;

FIG. 7 illustrates an example of a WDM transmission
system,

FIG. 8 illustrates an example of a transmitter unit;

FIG. 9 illustrates an example of an optical transmitter that
is implemented in the transmitter unit;

FIG. 10 illustrates an example of the transmitter unit
according to another embodiment;

FIG. 11 illustrates another example of the WDM trans-
mission system; and

FIG. 12 illustrates an example of a mapping pattern for
QPSK.

DESCRIPTION OF EMBODIMENTS

An optical transmission device according to embodiments
of the present invention is used in a WDM transmission
system. The optical transmission device has a function that
suppresses a polarization variation due to an XPM between
wavelength channels. Thus, the polarization variation due to
an XPM is briefly described before a configuration and an
operation of the optical transmission device according to the
embodiments of the present invention are described. As an
example, a polarization variation of an X-polarization opti-
cal signal of a target channel illustrated in FIG. 2 is dis-
cussed.

It is assumed that the X-polarization optical signal of the
target channel is linear polarization. Further, it is assumed
that Stokes parameters S1, S2, S3 of the X-polarization
optical signal of the target channel are represented by
“1,0,0”. In this case, the polarization state of the X-polar-
ization optical signal of the target channel is represented by
a point A illustrated in FIG. 3A on the Poincare sphere. In
this example, X-polarization is represented by “0 degrees”,
and Y-polarization is represented by “90 degrees”.

It is assumed that a polarization direction of an adjacent
channel A1 is 45 degrees during a period of time T1-T2. In
this case, Stokes parameters of the adjacent channel A1 are
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represented by “0,1,0”. In other words, the polarization state
of the adjacent channel Al is represented by a point B
illustrated in FIG. 3A on the Poincare sphere. When ampli-
tudes of an X polarization and a Y polarization of a polar-
ization multiplexed optical signal are the same as each other
and when optical phases of the X polarization and the Y
polarization are the same as each other, a polarization
direction of the polarization multiplexed optical signal is 45
degrees.

When the target channel and the adjacent channel A1 are
multiplexed, the polarization state of the X-polarization
optical signal of the target channel is affected by the polar-
ization state of the adjacent channel Al. Specifically, the
polarization state of the X-polarization optical signal of the
target channel is shifted in a direction toward the south pole
from the point A (a left-handed circular polarization) during
the period of time T1-T2, as indicated by an arrow C in FIG.
3A. As a result, a bit error is more likely to occur in the
X-polarization optical signal of the target channel.

This problem may be solved by generating a polarization
variation that cancels a polarization variation due to the
adjacent channel Al. Specifically, as illustrated in FIG. 3B,
the polarization variation due to the adjacent channel A1 may
be canceled out by giving a polarization variation indicated
by an arrow D to the X-polarization optical signal of the
target channel.

In FIG. 3B, when the polarization state of the X-polar-
ization optical signal of the target channel is represented by
the point A, the polarization state of the X-polarization
optical signal of the target channel will be shifted in a
direction toward the north pole from the point A (a right-
handed circular polarization) if an optical signal in a polar-
ization state represented by a point E is generated. Here, the
point E (Stokes parameters="0,-1,0) represents a state in
which a polarization direction is -45 degrees (or 135
degrees). Thus, if a polarization direction of an optical signal
transmitted through an adjacent channel A2 is controlled at
-45 degrees during the period of time T1-T2, the polariza-
tion variation due to the adjacent channel A1 and a polar-
ization variation due to the adjacent channel A2 will be
canceled out. In other words, a polarization variation of the
target channel will be canceled out or suppressed.

Thus, the optical transmission device according to the
embodiments of the present invention controls a polarization
state of a set of wavelength channels. Specifically, polariza-
tion states of a first wavelength channel and a second
wavelength channel are controlled such that a polarization
variation of a target channel due to the first wavelength
channel (adjacent channel A1 in FIG. 2) and the polarization
variation of the target channel due to the second wavelength
channel (adjacent channel A2 in FIG. 2) are canceled out.

FIG. 4 illustrates an example of an XPM cancellation
according to the embodiments of the present invention. In
the example illustrated in FIG. 4, a WDM optical signal
includes wavelength channels A1-A3. Here, carrier wave-
lengths of the wavelength channels A1-A3 are different from
each other. Each of the wavelength channels A1-A3 transmits
a polarization multiplexed optical signal. Each polarization
multiplexed optical signal transmits an X-polarization opti-
cal signal and a Y-polarization optical signal. In each of the
wavelength channels, a polarization of the X-polarization
optical signal and a polarization of the Y-polarization optical
signal are orthogonal to each other.

In each of the wavelength channels, each of the X-polar-
ization optical signal and the Y-polarization optical signal
transmits a frame of a specified format. Thus, in each of the
wavelength channels, fixed pattern regions for detecting the
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beginning of the frame are respectively inserted into the
X-polarization optical signal and the Y-polarization optical
signal. The fixed pattern region is inserted, for example, at
specified time intervals. Alternatively, the fixed pattern
region is added for a specified number of bits. In the example
illustrated in FIG. 4, a fixed pattern P1 and a fixed pattern P2
are respectively added to an X-polarization optical signal
and a Y-polarization optical signal in the wavelength channel
A1, Further, a fixed pattern P3 and a fixed pattern P4 are
respectively added to an X-polarization optical signal and a
Y-polarization optical signal in the wavelength channel A2.

In each of the wavelength channels, a fixed pattern region
of the X-polarization optical signal and a fixed pattern
region of the Y-polarization optical signal are transmitted at
the same time (simultaneously). For example, in the wave-
length channel A1, the fixed pattern P1 inserted into the
X-polarization optical signal and the fixed pattern P2
inserted into the Y-polarization optical signal are transmitted
at the same time. Further, in the wavelength channel A2, the
fixed pattern P3 inserted into the X-polarization optical
signal and the fixed pattern P4 inserted into the Y-polariza-
tion optical signal are transmitted at the same time. Thus,
during a period of time in which a fixed pattern region is
transmitted, a single polarization state is generated in each
of the wavelength channels.

In addition, in a WDM transmission according to the
embodiments of the present invention, one or more pairs of
wavelength channels are created from a plurality of wave-
length channels multiplexed in a WDM optical signal. Each
pair of wavelength channels (that is, a wavelength channel
pair) is configured by two wavelength channels. In the
example illustrated in FIG. 4, the wavelength channel A1
and the wavelength channel A2 configure a wavelength
channel pair.

Two wavelength channels that configure a wavelength
channel pair are synchronized with each other. In the fol-
lowing descriptions, “synchronized” refers to a state in
which fixed patterns are transmitted at the same time. Thus,
in the example illustrated in FIG. 4, the fixed patterns in the
wavelength channel A1 and the fixed patterns in the wave-
length channel A2 are transmitted at the same time. In other
words, the fixed patterns P1-P4 are transmitted at the same
time in a wavelength channel pair including the wavelength
channels A1 and A2. Here, “at the same time” is not limited
to being at exactly the same time, but it includes “at
substantially the same time” or “at approximately the same
time”.

Four fixed patterns used in each wavelength channel pair
(the fixed patterns P1-P4 in FIG. 4) have a specified rela-
tionship. Specifically, three out of the four fixed patterns
have the same bit string. A value of each bit of the remaining
one of the four fixed patterns is inverted with respect to a
value of a corresponding bit of the other three fixed patterns.

FIG. 5 illustrates examples of fixed patterns used in a
wavelength channel pair. In this example, a bit length of a
fixed pattern is 4 bits. However, the bit length of a fixed
pattern is actually tens of bits to hundreds of bits. Further, in
this example, the fixed patterns P1 and P2 are respectively
inserted into the X-polarization optical signal and the Y-po-
larization optical signal of the wavelength channel A1, and
the fixed patterns P3 and P4 are respectively inserted into the
X-polarization optical signal and the Y-polarization optical
signal of the wavelength channel A2.

The fixed patterns P1-P3 are the same as one another. A
value of each bit of the fixed pattern P4 is inverted with
respect to a value of a corresponding bit of the fixed pattern
P3. Thus, in the wavelength channel A1, the fixed patterns P1
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6

and P2 whose respective values of each bit are the same are
transmitted at the same time. On the other hand, in the
wavelength channel A2, the fixed pattern P3 and P4 whose
respective values of each bit are inverted with respect to
each other are transmitted at the same time.

FIGS. 6A-6C illustrate examples of a relationship
between a fixed pattern transmitted by an optical signal and
a polarization state. In this example, a fixed pattern is
transmitted by BPSK (binary phase shift keying). BPSK
transmits one bit of data in each symbol. Further, in this
example, “1” is transmitted by “I=1, Q=17, as illustrated in
FIG. 6A. Here, I and Q represent an electric field of an
optical signal. In other words, “1” is transmitted when
“phase=r/4”. On the other hand, “0” is transmitted when
“I==1, Q=-1". In other words, “0” is transmitted when
“phase=-3m/4”. As described above, the phase of an optical
signal when “1” is transmitted and the phase of an optical
signal when “0” is transmitted are inverted with respect to
each other.

FIG. 6B illustrates an example of a polarization state of a
polarization multiplexed optical signal when a bit value
transmitted by an X-polarization optical signal and a bit
value transmitted by a Y-polarization optical signal are the
same. In other words, FIG. 6B illustrates the polarization
state of the polarization multiplexed optical signal when a
phase of the X-polarization optical signal and a phase of the
Y-polarization optical signal are the same. In this example,
an X-polarization component is represented by a “positive
value” when the X-polarization optical signal transmits
“l:m/4”, and a Y-polarization component is represented by a
“positive value” when the Y-polarization optical signal
transmits “1:7/4”. Here, the polarization state of the polar-
ization multiplexed optical signal is obtained by combining
a polarization state of the X-polarization optical signal and
apolarization state of the Y-polarization optical signal. Thus,
a polarization of the polarization multiplexed optical signal
is 45 degrees when the bit value transmitted by the X-po-
larization optical signal and the bit value transmitted by the
Y-polarization optical signal are the same. It is assumed that
an amplitude of the X-polarization optical signal and an
amplitude of the Y-polarization optical signal are the same.

FIG. 6C illustrates an example of a polarization state of a
polarization multiplexed optical signal when a bit value
transmitted by an X-polarization optical signal and a bit
value transmitted by a Y-polarization optical signal are
inverted with respect to each other. In other words, FIG. 6C
illustrates the polarization state of the polarization multi-
plexed optical signal when a phase of the X-polarization
optical signal and a phase of the Y-polarization optical signal
are inverted with respect to each other. In this example, it is
assumed that the X-polarization optical signal transmits
“1:/4”, and the Y-polarization optical signal transmits “0:—
3n/4”. In this case, a Y-polarization component is repre-
sented by a “negative value”. Thus, a polarization of the
polarization multiplexed optical signal is —45 degrees (or
135 degrees) when the bit value transmitted by the X-po-
larization optical signal and the bit value transmitted by the
Y-polarization optical signal are inverted with respect to
each other.

As described above, the polarization state of a polariza-
tion multiplexed optical signal is dependent on a combina-
tion of bit values transmitted by an X-polarization optical
signal and a Y-polarization optical signal. In this example, a
polarization of the polarization multiplexed optical signal is
45 degrees when the same bit value is transmitted by the
X-polarization optical signal and the Y-polarization optical
signal. Further, the polarization of the polarization multi-
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plexed optical signal is —-45 degrees (or 135 degrees) when
bit values inverted with respect to each other are respec-
tively transmitted by the X-polarization optical signal and
the Y-polarization optical signal. Thus, in the examples
illustrated in FIGS. 4 and 5, during a period of time in which
the fixed patterns P1 and P2 are transmitted in the wave-
length channel A1, the polarization of the wavelength chan-
nel Al is 45 degrees. On the other hand, during a period of
time in which the fixed patterns P3 and P4 are transmitted in
the wavelength channel A2, the polarization of the wave-
length channel A2 is -45 degrees (or 135 degrees).

In other words, during the period of time T1-T2, the
polarization state of the wavelength channel Al is repre-
sented by the point B illustrated in FIG. 3A, and the
polarization state of the wavelength channel A2 is repre-
sented by the point E illustrated in FIG. 3B. Thus, when the
wavelength channels A1-A3 illustrated in FIG. 4 are multi-
plexed, a polarization variation due to the wavelength chan-
nel Al in the wavelength channel A3 and a polarization
variation due to the wavelength channel A2 in the wave-
length channel A3 are canceled out during the period of time
T1-T2. In other words, the polarization variations due to the
wavelength channels A1 and A2 in the wavelength channel
A3 (that is, in a disturbed channel) are canceled out or
suppressed.

FIG. 7 illustrates an example of a WDM transmission
system. In this example, the WDM transmission system
includes WDM transmission devices 100 and 110. It is
assumed that an optical signal is transmitted from the WDM
transmission device 100 to the WDM transmission device
110 through an optical transmission link 120.

The WDM transmission device 100 includes a plurality of
transmitter units 1 and an optical multiplexer 2. Each of the
transmitter units 1 generates an optical signal that transmits
data. Wavelengths of a plurality of optical signals generated
by respective transmitter units 1 are different from one
another. The optical multiplexer 2 combines optical signals
generated by the transmitter units 1 so as to generate a WDM
optical signal. This WDM optical signal is transmitted to the
WDM transmission device 110 through the optical trans-
mission link 120.

One or more relay nodes may be provided between the
WDM transmission devices 100 and 110. The relay node can
amplify a WDM optical signal. Further, a reconfigurable
optical add-drop multiplexer (ROADM) may be provided in
the relay node. The ROADM can drop a specified wave-
length channel from a WDM optical signal, and can add an
optical signal to an empty channel of a WDM optical signal.

The WDM transmission device 110 includes an optical
demultiplexer 11 and a plurality of receiver units 12. The
optical demultiplexer 11 separates a plurality of optical
signals multiplexed in a WDM optical signal for each
wavelength, and guides each obtained optical signal to a
corresponding receiver unit 12. Each of the receiver units 12
recovers data from a received optical signal.

FIG. 8 illustrates an example of the transmitter unit 1. As
illustrated in FIG. 8, the transmitter unit 1 includes a trigger
signal generator 21, a clock generator 22, optical transmit-
ters 23a and 23b, and a polarization maintaining combiner
24. Further, data D1 to data D4 are input to the transmitter
unit 1. The data D1 and the data D2 are guided to the optical
transmitter 23a, and the data D3 and the data D4 are guided
to the optical transmitter 235.

The trigger signal generator 21 generates a trigger signal
and provides it to the optical transmitters 23a and 235. The
trigger signal indicates a timing at which fixed patterns are
inserted into the data D1 to the data D4. In this example,
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each fixed pattern is inserted into corresponding data at
substantially the same time. In other words, the trigger
signal is provided to the optical transmitters 23a and 235 at
substantially the same time. Note that the trigger signal
generator 21 generates a trigger signal, for example, at
specified time intervals. This time interval is determined
according to the length of a frame for transmitting data.

The clock generator 22 generates a clock signal. This
clock signal is used to generate a modulated optical signal in
the optical transmitters 23a and 2364.

Each of the optical transmitters 23a and 235 generates a
polarization multiplexed optical signal that transmits data
using a trigger signal and a clock signal. In other words, the
optical transmitter 23a generates a polarization multiplexed
optical signal A from a modulated optical signal that trans-
mits the data D1 and a modulated optical signal that trans-
mits the data D2. Likewise, the optical transmitter 235
generates a polarization multiplexed optical signal B from a
modulated optical signal that transmits the data D3 and a
modulated optical signal that transmits the data D4. The
wavelength of the polarization multiplexed optical signal A
and the wavelength of the polarization multiplexed optical
signal B are different from each other.

The polarization maintaining combiner 24 combines the
polarization multiplexed optical signal A generated by the
optical transmitter 23a and the polarization multiplexed
optical signal B generated by the optical transmitter 235.
Here, the polarization maintaining combiner 24 combines
the polarization multiplexed optical signal A and the polar-
ization multiplexed optical signal B such that the polariza-
tion state of the polarization multiplexed optical signal A and
the polarization state of the polarization multiplexed optical
signal B maintain a specified relationship. It is preferable
that the optical transmitter 23a be connected to the polar-
ization maintaining combiner 24 through a polarization
maintaining fiber and the optical transmitter 235 be con-
nected to the polarization maintaining combiner 24 through
a polarization maintaining fiber.

FIG. 9 illustrates an example of an optical transmitter that
is implemented in the transmitter unit 1. Here, an optical
transmitter 23 illustrated in FIG. 9 can be used as the optical
transmitters 23q or 235 in the transmitter unit 1 illustrated in
FIG. 8. An example in which the optical transmitter 23 is
used as the optical transmitter 23a illustrated in FIG. 8 is
described below.

The optical transmitter 23 includes a signal processing
circuit 31, a laser light source 32, an optical modulator 33,
and a phase control circuit 34. Data signals D1 and D2, a
trigger signal, and a clock signal are input to the optical
transmitter 23.

The signal processing circuit 31 includes fixed pattern
adders 41 and 42, and mappers 43 and 44. The fixed pattern
adders 41 and 42, and the mappers 43 and 44 operate
according to a clock signal generated by the clock generator
22. The signal processing circuit 31 is implemented by, for
example, a digital signal processor or a digital signal pro-
cessing circuit. Further, the signal processing circuit 31 may
have any other functions not illustrated in FIG. 9.

Each of the fixed pattern adders 41 and 42 inserts a fixed
pattern into an input bit string when a trigger signal is input.
Specifically, the fixed pattern adder 41 adds the fixed pattern
P1 illustrated in FIG. 5 to the data D1. The fixed pattern
adder 42 adds the fixed pattern P2 illustrated in FIG. 5 to the
data D2. In other words, the fixed patterns P1 and P2 that are
the same as each other are respectively added to the data D1
and the data D2 at substantially the same time.
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The mapper 43 maps, by a specified modulation scheme,
the data D1 to which the fixed pattern P1 is added, so as to
generate a drive signal D1. Likewise, the mapper 44 maps,
by the specified modulation scheme, the data D2 to which
the fixed pattern P2 is added, so as to generate a drive signal
D2. In this example, each of the fixed patterns P1 and P2 is
mapped by BPSK. In this example, each drive signal rep-
resents electric field information that indicates a phase and
an amplitude of a modulated optical signal. In other words,
each drive signal includes an I-component signal and a
Q-component signal.

The laser light source 32 generates continuous wave light
of a specified wavelength. For example, when the optical
transmitter 23 is used as the optical transmitter 23¢ illus-
trated in FIG. 8, the laser light source 32 generates continu-
ous wave light of a wavelength A1. When the optical
transmitter 23 is used as the optical transmitter 235 illus-
trated in FIG. 8, the laser light source 32 generates continu-
ous wave light of a wavelength A2.

The optical modulator 33 includes an optical modulator
33X, an optical modulator 33Y, a phase shifter 33P, and a
polarization beam combiner 33C. Continuous wave light
generated by the laser light source 32 is split and guided to
the optical modulator 33X and the optical modulator 33Y.
Here, a power of continuous wave light guided to the optical
modulator 33X and a power of continuous wave light guided
to the optical modulator 33Y are substantially the same.

The optical modulator 33X modulates the continuous
wave light with the drive signal D1 generated by the signal
processing circuit 31 so as to generate a modulated optical
signal X. Likewise, the optical modulator 33Y modulates the
continuous wave light with the drive signal D2 generated by
the signal processing circuit 31 so as to generate a modulated
optical signal Y. The phase shifter 33P adjusts a phase of the
modulated optical signal X or the modulated optical signal
Y in order to match the phases of the modulated optical
signal X and the modulated optical signal Y. In the example
illustrated in FIG. 9, the phase shifter 33P adjusts the phase
of the modulated optical signal X. The phase shifter 33P is
realized by, for example, an electrode formed near an optical
waveguide that propagates the modulated optical signal X.
In this case, an optical path length of the optical waveguide
varies due to an applied voltage of the electrode. As a result,
the phase of the modulated optical signal X is adjusted. In
this example, the applied voltage of the phase shifter 33P is
controlled by the phase control circuit 34 which will be
described later.

The polarization beam combiner 33C combines the modu-
lated optical signal X and the modulated optical signal Y
such that a polarization of the modulated optical signal X
and a polarization of the modulated optical signal Y are
orthogonal to each other. Here, it is assumed that polariza-
tion axes (an X-polarization axis and a Y-polarization axis)
of the transmitter unit 1 are determined in advance. The
X-polarization axis and the Y-polarization axis are orthogo-
nal to each other. In the following descriptions, an X-polar-
ization axis and a Y-polarization axis may be referred to as
a “0-degree direction” and a “90-degree direction”, respec-
tively. The polarization beam combiner 33C combines the
modulated optical signal X and the modulated optical signal
Y such that a polarization of the modulated optical signal X
matches the X-polarization axis and a polarization of the
modulated optical signal Y matches the Y-polarization axis.
As a result, a polarization multiplexed optical signal is
generated.

The phase control circuit 34 includes a polarizer 34a, a
photo detector (PD) 34b, and a bias controller 34c. The
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phase control circuit 34 controls an applied voltage of the
phase shifter 33P such that the phase of the modulated
optical signal X and the phase of the modulated optical
signal Y match each other when the drive signal D1 and the
drive signal D2 are the same as each other. Here, the
polarization of the modulated optical signal X is O degrees,
and the polarization of the modulated optical signal Y is 90
degrees. Thus, when the phase of the modulated optical
signal X and the phase of the modulated optical signal Y
match each other, the polarization multiplexed optical signal
is a linear polarization at 45 degrees. In other words, when
the polarization multiplexed optical signal is a linear polar-
ization at 45 degrees, the phase of the modulated optical
signal X and the phase of the modulated optical signal Y
match each other.

Thus, the polarizer 34a is implemented sloping at 45
degrees with respect to the X-polarization axis. Then, a
polarization multiplexed optical signal output from the opti-
cal modulator 33 is guided to the polarizer 34a. The photo
detector 345 converts output light of the polarizer 344 into
an electric signal. This electric signal indicates a 45-degree
direction component of the polarization multiplexed optical
signal output from the optical modulator 33. The bias
controller 34¢ controls the applied voltage of the phase
shifter 33P such that an amplitude or a power of an output
signal of the photo detector 345 is maximized. In other
words, a feedback control is performed such that the polar-
ization multiplexed optical signal output from the optical
modulator 33 is in a state closer to a linear polarization at 45
degrees, so as to determine the applied voltage of the phase
shifter 33P.

The applied voltage of the phase shifter 33P is deter-
mined, for example, in an initial setting sequence that is
performed before an actual data communication. In the
initial setting sequence, the same drive signal is provided to
the optical modulators 33X and 33Y. Each of the drive
signals is, for example, a BPSK signal. An I component and
a Q component of each of the drive signals are the same as
each other. A polarization multiplexed signal is generated
based on these drive signals.

In the initial setting sequence, the polarization multi-
plexed optical signal generated from the drive signals
described above is guided to the phase control circuit 34.
Then, the bias controller 34¢ controls the applied voltage of
the phase shifter 33P such that an amplitude or a power of
an output signal of the photo detector 345 is maximized.
This results in optimizing the phase shifter 33P. In other
words, when the drive signal D1 and the drive signal D2 are
the same as each other (that is, when the phase of the
modulated optical signal X and the phase of the modulated
optical signal Y match each other), the polarization multi-
plexed optical signal is a linear polarization at 45 degrees, as
illustrated in FIG. 6B. On the other hand, when the phase of
the modulated optical signal X and the phase of the optical
signal Y are inverted with respect to each other, the polar-
ization multiplexed optical signal is a linear polarization at
-45 degrees, as illustrated in FIG. 6C. After the initial
setting sequence is completed, the applied voltage of the
phase shifter 33P is maintained.

In the optical transmitter 23 described above, the modu-
lated optical signal X and the modulated optical signal Y are
combined according to the X-polarization axis and the
Y-polarization axis of the transmitter unit 1. As an example,
in the optical transmitter 23a, the optical modulator 33 is
configured such that a polarization state of the modulated
optical signal X and a polarization of the modulated optical
signal Y are respectively “0 degrees” and “90 degrees” when
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the drive signals D1 and D2 are the same (that is, when the
phases of the modulated optical signal X and the modulated
optical signal Y match each other). Likewise, in the optical
transmitter 235, the optical modulator 33 is configured such
that a polarization state of the modulated optical signal X
and a polarization of the modulated optical signal Y are
respectively “0 degrees” and “90 degrees” when the drive
signals D3 and D4 are the same (that is, when the phases of
the modulated optical signal X and the modulated optical
signal Y match each other). As described above, in the
transmitter unit 1, the optical modulator 33 of the optical
transmitter 23a, the optical modulator 33 of the optical
transmitter 235, and the polarization maintaining combiner
24 are configured such that, when the drive signals D1 and
D2 are the same and the drive signals D3 and D4 are the
same, a polarization state of the modulated optical signal X
of the optical transmitter 23a and a polarization state of the
modulated optical signal X of the optical transmitter 235
substantially match each other and a polarization state of the
modulated optical signal Y of the optical transmitter 23a and
a polarization state of the modulated optical signal Y of the
optical transmitter 235 substantially match each other.

Next, an operation of the transmitter unit 1 illustrated in
FIG. 8 is described. In the following descriptions, it is
assumed that the polarization multiplexed optical signal A
generated by the optical transmitter 23a¢ is transmitted
through the wavelength channel Al and the polarization
multiplexed optical signal B generated by the optical trans-
mitter 235 is transmitted through the wavelength channel A2.

In the optical transmitter 23a, the data D1 and the data D2
are input to the signal processing circuit 31. Then, the fixed
pattern adder 41 adds the fixed pattern P1 to the data D1, and
the fixed pattern adder 42 adds the fixed pattern P2 to the
data D2. Here, as illustrated in FIG. 5, a value of each bit of
the fixed pattern P1 and a value of a corresponding bit of the
fixed pattern P2 are the same as each other. Further, the
optical modulator 33 is adjusted such that the phase of the
modulated optical signal X and the phase of the modulated
optical signal Y match each other when a bit provided to the
optical modulator 33X and a bit provided to the optical
modulator 33Y are the same. Thus, the phase of the modu-
lated optical signal X and the phase of the modulated optical
signal Y match each other when the fixed patterns P1 and P2
are transmitted. In other words, the wavelength channel A1
is linearly polarized at 45 degrees when the fixed patterns P1
and P2 are transmitted.

In the optical transmitter 235, the data D3 and the data D4
are input to the signal processing circuit 31. Then, the fixed
pattern adder 41 adds the fixed pattern P3 to the data D3, and
the fixed pattern adder 42 adds the fixed pattern P4 to the
data D4. Here, as illustrated in FIG. 5, a value of each bit of
the fixed pattern P4 is inverted with respect to a value of a
corresponding bit of the fixed pattern P3. Thus, the phase of
the modulated optical signal X and the phase of the modu-
lated optical signal Y are inverted with respect to each other
when the fixed patterns P3 and P4 are transmitted. In other
words, the wavelength channel A2 is linearly polarized at
-45 degrees when the fixed patterns P3 and P4 are trans-
mitted.

A trigger signal generated by the trigger signal generator
21 is provided to the optical transmitters 23a and 235 at
substantially the same time. Further, the optical transmitters
23a and 235 operate according to a clock signal generated by
the clock generator 22. Thus, the timing at which the fixed
patterns P3 and P4 are respectively added to the data D3 and
the data D4 in the optical transmitter 235 is substantially the
same as the timing at which the fixed patterns P1 and P2 are
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respectively added to the data D1 and the data D2 in the
optical transmitter 23a. In other words, the fixed patterns
P1-P4 are transmitted at the same time.

An optical signal of the wavelength channel Al that is
generated by the optical transmitter 23a and an optical signal
of'the wavelength channel A2 that is generated by the optical
transmitter 235 are combined by the polarization maintain-
ing combiner 24. Here, as described above, the fixed patterns
P1-P4 are transmitted at the same time. Further, the wave-
length channel A1 is linearly polarized at 45 degrees, and the
wavelength channel A2 is linearly polarized at —45 degrees.
Thus, as described with reference to FIGS. 3A and 3B,
during a period of time in which the fixed patterns P1-P4 are
transmitted, a polarization variation due to the wavelength
channel A1 and a polarization variation due to the wave-
length channel A2 are canceled out in an adjacent channel
(that is, a disturbed channel) In other words, polarizations of
the other wavelength channels in a WDM optical signal are
not greatly disturbed due to the fixed patterns of the wave-
length channels A1 and A2, which results in suppressing a bit
error.

The transmitter unit 1 includes two optical transmitters 23
(23a, 23b). Here, the signal processing circuit 31 is imple-
mented by, for example, a digital signal processor. In this
case, the signal processing circuit 31 of the optical trans-
mitter 234 and the signal processing circuit 31 of the optical
transmitter 235 may be implemented using one digital signal
processor.

Further, a Nyquist filter may be implemented by a digital
signal processor in order to suppress a crosstalk between an
optical signal generated by the optical transmitter 23a¢ and an
optical signal generated by the optical transmitter 2356. In
this case, for example, Nyquist filter processing is performed
on output signals of the mappers 43 and 44 in the signal
processing circuit 31.

Further, in the example described above, a value of each
bit of the fixed pattern P4 transmitted in one of the polar-
ization components of the wavelength channel A2 is inverted
with respect to that of a general fixed pattern. Thus, an
optical receiver is configured to establish a frame synchro-
nization by detecting a fixed pattern or a pattern obtained by
inverting the fixed pattern.

Other Embodiment 1

As described above, the optical transmitters 23a and 236
is requested to transmit the fixed patterns P1-P4 at the same
time. In this case, a trigger signal generated by the trigger
signal generator 21 needs to arrive at the optical transmitters
23a and 235 at the same time, and a clock signal generated
by the clock generator 22 needs to arrive at the optical
transmitters 23a and 234 at the same time. These conditions
are satisfied, for example, when the length of a signal line
from the trigger signal generator 21 to the optical transmitter
23a and the length of a signal line from the trigger signal
generator 21 to the optical transmitter 235 are the same as
each other, and when the length of a signal line from the
clock generator 22 to the optical transmitter 23a and the
length of a signal line from the clock generator 22 to the
optical transmitter 235 are the same as each other.

However, depending on a layout in the transmitter unit 1,
a signal line will not be allowed to be formed on a desired
route. Thus, the transmitter unit according to another
embodiment has a function to adjust a timing of a signal
using a delay circuit.

FIG. 10 illustrates an example of the transmitter unit
according to another embodiment of the present invention.
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As illustrated in FIG. 10, the transmitter unit according to
the other embodiment includes delay circuits 51 and 52 in
addition to the configuration illustrated in FIG. 8. The delay
circuit 51 adjusts the time to propagate a trigger signal from
the trigger signal generator 21 to the optical transmitter 23a.
The delay circuit 52 adjusts the time to propagate a clock
signal from the clock generator 22 to the optical transmitter
23a.

The delay times of the delay circuits 51 and 52 are
adjusted with a feedback control in an initial setting
sequence. In this case, the delay time of the delay circuit 51
is adjusted by monitoring a trigger signal that arrives at the
optical transmitters 23a and 235, and the delay time of the
delay circuit 52 is adjusted by monitoring a clock signal that
arrives at the optical transmitters 23a and 235. Alternatively,
the delay circuits 51 and 52 may be controlled based on an
output optical signal of the polarization maintaining com-
biner 24.

Other Embodiment 2

In the example illustrated in FIGS. 8 and 9, the optical
transmitters 23a and 235 operate such that the fixed patterns
in the wavelength channel A1 and the fixed patterns in the
wavelength channel A2 are transmitted at the same time at an
output end of the transmitter unit 1. However, depending on
a configuration of the WDM transmission system, it may be
preferable that the fixed patterns in the wavelength channel
A1 and the fixed patterns in the wavelength channel A2 be
transmitted at different timings at the output end of the
transmitter unit 1.

FIG. 11 illustrates another example of the WDM trans-
mission system. In the example illustrated in FIG. 11, a relay
node 130 is provided between the WDM transmission
devices 100 and 110. The WDM transmission device 100
and the relay node 130 are connected by a single mode fiber
(SMF) 140. The connection using an SMF is just an
example, and the WDM transmission device 100 and the
relay node 130 may be connected by another type of optical
fiber whose chromatic dispersion is greater than a specified
threshold. The relay node 130 and the WDM transmission
device 110 are connected by a dispersion-shifted fiber (DSF)
150.

A chromatic dispersion in a SMF is large. Thus, an XPM
is small in the SMF 140. In other words, a polarization
variation due to an XPM is small. On the other hand,
achromatic dispersion in a DSF is zero or approximately
zero. Thus, an XPM is large in the DSF 150. In other words,
a polarization variation due to an XPM is large in the DSF
150.

Thus, the transmitter unit 1 generates optical signals of the
wavelength channels A1 and A2 such that the fixed patterns
P1 and P2 in the wavelength channel A1 and the fixed
patterns P3 and P4 in the wavelength channel A2 are
transmitted at the same time in the DSF 150. Here, the relay
node 130 includes an optical amplifier, so a power of an
optical signal is high at an input end of the DSF 150. Further,
an XPM is larger if the power of an optical signal is higher.
Thus, it is preferable that the fixed patterns P1 and P2 in the
wavelength channel A1 and the fixed patterns P3 and P4 in
the wavelength channel A2 be transmitted at the same time
at the input end of the DSF 150.

It is assumed that the transmitter unit 1 includes the delay
circuit 51 illustrated in FIG. 10. The delay time of the delay
circuit 51 is designed based on the characteristics and the
length of the SMF 140. For example, it is assumed that the
chromatic dispersion of the SMF 140 is 17 ps/nm/km and the
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length of the SMF 140 is 500 km. It is also assumed that a
wavelength difference between the wavelength channels A1
and A2 is 1 nm.

In this case, a difference in propagation time between the
wavelength channels A1 and A2 in the SMF 140 is 8.5 ns.
Thus, the delay time of the delay circuit 51 is adjusted to 8.5
ns. Then, the fixed patterns P3 and P4 in the wavelength
channel A2 is shifted by 8.5 ns at a transmission end of the
transmitter unit 1 with respect to the fixed patterns P1 and P2
in the wavelength channel A1. As a result, the fixed patterns
P1 and P2 in the wavelength channel A1 and the fixed
patterns P3 and P4 in the wavelength channel A2 are
transmitted at the same time at the input end of the DSF 150.
In other words, the effect of the wavelength channel A1 and
the effect of the wavelength channel A2 are canceled out at
a region where a polarization variation due to an XPM is
largest, which results in improving a quality of each wave-
length channel in a WDM optical signal.

Other Embodiment 3

In the example described above, a fixed pattern is trans-
mitted by BPSK. However, the embodiments of the present
invention are not limited to this configuration. In other
words, the fixed pattern may be transmitted by a modulation
scheme other than BPSK. For example, the transmitter unit
1 may transmit the fixed pattern by, for example, QPSK,
8PSK, 8QAM, 16QAM, or 64QAM.

QPSK transmits two bits in each symbol. In the optical
transmitter 235, mapping for the fixed pattern is performed
such that a phase of each symbol of the fixed pattern P3 and
aphase of a corresponding symbol of the fixed pattern P4 are
inverted with respect to each other. As an example, it is
assumed that a mapping pattern illustrated in FIG. 12 is used
for QPSK. A first symbol of the fixed patterns P3 and P4 are
respectively “10” and “01”, and a second symbol of the fixed
patterns P3 and P4 are respectively “11” and “00” in the
example illustrated in FIG. 5. In this case, the phases of a
first symbol of the fixed patterns P3 and P4 are —-45 degrees
and 135 degrees, respectively. In other words, the phases of
the first symbol of the fixed patterns P3 and P4 are inverted
with respect to each other. The phases of a second symbol of
the fixed patterns P3 and P4 are 45 degrees and -135
degrees, respectively. In other words, the phases of the
second symbol of the fixed patterns P3 and P4 are also
inverted with respect to each other. Thus, even if the fixed
patterns P1-P4 are transmitted by QPSK, the effects that the
wavelength channels A1 and A2 have on a disturbed channel
are canceled out.

All examples and conditional language provided herein
are intended for the pedagogical purposes of aiding the
reader in understanding the invention and the concepts
contributed by the inventor to further the art, and are not to
be construed as limitations to such specifically recited
examples and conditions, nor does the organization of such
examples in the specification relate to a showing of the
superiority and inferiority of the invention. Although one or
more embodiments of the present inventions have been
described in detail, it should be understood that the various
changes, substitutions, and alterations could be made hereto
without departing from the spirit and scope of the invention.

What is claimed is:

1. An optical transmission device that is used in a wave-
length division multiplexing optical transmission system,
the optical transmission device comprising:

a signal processing circuit configured to generate a first

drive signal to which a first fixed pattern is added, a
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second drive signal to which a second fixed pattern is
added, a third drive signal to which a third fixed pattern
is added, and a fourth drive signal to which a fourth
fixed pattern is added;

a first optical modulator configured to generate a first
optical signal based on the first drive signal, generate a
second optical signal based on the second drive signal,
and combine the first optical signal and the second
optical signal so as to generate a first polarization
multiplexed optical signal of a first wavelength;

a second optical modulator configured to generate a third
optical signal based on the third drive signal, generate
a fourth optical signal based on the fourth drive signal,
and combine the third optical signal and the fourth
optical signal so as to generate a second polarization
multiplexed optical signal of a second wavelength; and

a combiner configured to combine the first polarization
multiplexed optical signal and the second polarization
multiplexed optical signal, wherein

the first fixed pattern and the second fixed pattern are
determined such that a phase of the first optical signal
generated based on the first fixed pattern matches or
approximately matches a phase of the second optical
signal generated based on the second fixed pattern,

the third fixed pattern and the fourth fixed pattern are
determined such that a phase of the third optical signal
generated based on the third fixed pattern is inverted or
approximately inverted with respect to a phase of the
fourth optical signal generated based on the fourth fixed
pattern, and

the signal processing circuit generates the first drive
signal, the second drive signal, the third drive signal,
and the fourth drive signal such that the first fixed
pattern, the second fixed pattern, the third fixed pattern,
and the fourth fixed pattern are transmitted at the same
or approximately the same time by the first polarization
multiplexed optical signal and the second polarization
multiplexed optical signal.

2. The optical transmission device according to claim 1,

wherein

the signal processing circuit includes a first drive signal
generating circuit that generates the first drive signal, a
second drive signal generating circuit that generates the
second drive signal, a third drive signal generating
circuit that generates the third drive signal, and a fourth
drive signal generating circuit that generates the fourth
drive signal.

3. The optical transmission device according to claim 1,

wherein

the first fixed pattern, the second fixed pattern, and the
third fixed pattern are the same as one another, and

a value of each bit of the fourth fixed pattern is inverted
with respect to a value of a corresponding bit of the
third fixed pattern.

4. The optical transmission device according to claim 1,

wherein

the first optical modulator is adjusted such that the phase
of the first optical signal approximately matches the
phase of the second optical signal when the first drive
signal and the second drive signal are substantially the
same as each other, and

the second optical modulator is adjusted such that the
phase of the third optical signal approximately matches
the phase of the fourth optical signal when the third
drive signal and the fourth drive signal are substantially
the same as each other.
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5. The optical transmission device according to claim 4,
wherein
the first optical modulator, the second optical modulator,
and the combiner are configured such that, when the
phase of the first optical signal approximately matches
the phase of the second optical signal and when the
phase of the third optical signal approximately matches
the phase of the fourth optical signal, a polarization
state of the first optical signal substantially matches a
polarization state of the third optical signal and a
polarization state of the second optical signal substan-
tially matches a polarization state of the fourth optical
signal.
6. The optical transmission device according to claim 1,
wherein
the signal processing circuit generates the first drive
signal, the second drive signal, the third drive signal,
and the fourth drive signal such that the first fixed
pattern, the second fixed pattern, the third fixed pattern,
and the fourth fixed pattern are output from the optical
transmission device at the same or approximately the
same time by the first polarization multiplexed optical
signal and the second polarization multiplexed optical
signal.
7. The optical transmission device according to claim 1,
wherein
a relay node is provided between the optical transmission
device and an optical receiver that receives an optical
signal output from the optical transmission device, and
the signal processing circuit generates the first drive
signal, the second drive signal, the third drive signal,
and the fourth drive signal such that the first fixed
pattern, the second fixed pattern, the third fixed pattern,
and the fourth fixed pattern are output from the relay
node at the same or approximately the same time by the
first polarization multiplexed optical signal and the
second polarization multiplexed optical signal.
8. The optical transmission device according to claim 7,
wherein
the optical transmission device and the relay node are
connected by an optical fiber whose chromatic disper-
sion is greater than a specified threshold, and
the relay node and the optical receiver are connected by
a dispersion-shifted fiber whose chromatic dispersion is
zero or approximately zero.
9. A wavelength division multiplexing optical transmis-
sion device comprising:
a plurality of optical transmission devices configured to
generate optical signals of different wavelengths; and
a multiplexer configured to combine the optical signals
generated by the plurality of optical transmission
devices, wherein
each of the plurality of optical transmission devices
includes
a signal processing circuit configured to generate a first
drive signal to which a first fixed pattern is added, a
second drive signal to which a second fixed pattern
is added, a third drive signal to which a third fixed
pattern is added, and a fourth drive signal to which
a fourth fixed pattern is added;
a first optical modulator configured to generate a first
optical signal based on the first drive signal, generate
a second optical signal based on the second drive
signal, and combine the first optical signal and the
second optical signal so as to generate a first polar-
ization multiplexed optical signal of a first wave-
length;
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a second optical modulator configured to generate a
third optical signal based on the third drive signal,
generate a fourth optical signal based on the fourth
drive signal, and combine the third optical signal and
the fourth optical signal so as to generate a second 5
polarization multiplexed optical signal of a second
wavelength; and

a combiner configured to combine the first polarization
multiplexed optical signal and the second polariza-
tion multiplexed optical signal, wherein 10

in each of the plurality of optical transmission devices,

the first fixed pattern and the second fixed pattern are
determined such that a phase of the first optical
signal generated based on the first fixed pattern
matches or approximately matches a phase of the 15
second optical signal generated based on the second
fixed pattern,

the third fixed pattern and the fourth fixed pattern are
determined such that a phase of the third optical
signal generated based on the third fixed pattern is 20
inverted or approximately inverted with respect to a
phase of the fourth optical signal generated based on
the fourth fixed pattern, and

the signal processing circuit generates the first drive
signal, the second drive signal, the third drive signal, 25
and the fourth drive signal such that the first fixed
pattern, the second fixed pattern, the third fixed
pattern, and the fourth fixed pattern are transmitted at
the same or approximately the same time by the first
polarization multiplexed optical signal and the sec- 30
ond polarization multiplexed optical signal.
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